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Effect of Ar and O2 Atmospheres on the Fundamental
Properties of the Plasma Produced by Laser Ablation of
Lithium Niobate
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Instituto de O´ptica, C.S.I.C., Serrano 121, 28006 Madrid, Spain
The in uence of gas atmospheres (at 1 torr) of different natures,
both reactive (O2) and inert (Ar), on the spatial evolution of the
electron temperature (Te) and electron density (Ne) of the plasma
generated by laser ablation of a LiNbO3 target is evaluated by op-
tical emission spectroscopy techniques. It is found that the behavior
of Ne in the plasma produced in vacuum, argon, and oxygen at-
mospheres exhibit quite different trends as a function of the dis-
tance from the target to the substrate, but the behavior of Te is
nearly constant. The spatial constancy of Te in all the atmospheres
studied is probably related not only to the low laser irradiance used
(0.06 GW cm22), but also to a possible collisional decoupling of the
heavy species in the central part of the expanding plasma plume
where a low pressure region is formed. The fact that Ne is lower in
Ar than in O2 indicates the presence of fewer positive ions in the
plasma generated in Ar. The impact of this result on the better
crystallinity observed in the LiNbO3  lms grown in Ar is also dis-
cussed.
Index Headings: Pulsed laser ablation; Lithium niobate; Argon and
oxygen atmospheres; Plasma diagnosis.
INTRODUCTION
Pulsed laser deposition (PLD) has become a very
promising tool for both advanced micromachining and
thin  lm deposition. Among the parameters involved in
the PLD processes, the laser  uence together with the
background gas pressure (and nature) and the distance at
which the substrate is located are relevant variables in-
 uencing the  lm growth process. Moreover, the ablation
of solid targets produces, in most cases, a luminous plas-
ma formed by neutral and ionized species whose expan-
sion dynamics have been widely studied in order to un-
derstand the physical mechanisms controlling the thin
 lm deposition process and properties.1 Nevertheless, a
very limited number of works have focused on the study
of the fundamental plasma parameters, such as the elec-
tron temperature and electron density, or the nature of the
dominant plasma excitation and ionization processes in
different spatial and temporal regions.2–6 Although they
are essential to evaluating the energy and material trans-
port in the plasma, as well as to understanding the plasma
reactivity in connection with its effectiveness in the pro-
cesses of thin- lm growth and composition, such studies
have only been performed in ablation of metals,2,3 graph-
ite,4 and YBa2Cu3O7.5
Lithium niobate (LiNbO3) is a well-known material
with excellent nonlinear properties of interest for many
applications that normally require the production of high
quality thin  lms.7 Although PLD has proven to be one
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of the most successful techniques in growing complex
oxide materials,8 the  lms deposited by ablation of
LiNbO3 in vacuum or low pressure (,1 torr) atmospheres
are often found to be Li de cient.9,10 However, recent
results indicate that when the growth is carried out at a
pressure of about 1 torr, independent of the nature of the
ambient atmosphere used (either inert or reactive), the
LiNbO3  lms grow stoichiometrically, though their crys-
tallinity is slightly better when using Ar.11
We reported earlier on a spectroscopic study of the
light emitted from the plasma formed by laser ablation
of a LiNbO3 single crystal in vacuum. These investiga-
tions led to the determination of the variation of both Ne
and T e as a function of the distance to the LiNbO3 target
and the time after the laser pulse.6 Surprisingly, we found
that T e did not change with space and time, that is, as
opposed to the behavior of T e measured from laser ab-
lation in vacuum of metals,2,3 graphite,4 and YBa2Cu3O7.5
The space–time constancy of T e was explained in terms
of the atom–atom collisionless plasma expansion. How-
ever, it is interesting to investigative whether any of these
constancies of Te persist when a gas environment is used
during laser ablation of LiNbO3 and other types of ma-
terials. This research would be of interest because there
are a rather limited number of works, or simply none,
like in the case of the laser-produced plasma during ab-
lation of LiNbO3, on the effect of a gas’s pressure and
its nature (either reactive or inert) on the evolution of the
Ne and Te of the laser-produced plasma in PLD processes.
The aim of this work is to investigate the in uence of
a gas environment on the properties of the plasma formed
by ablation of LiNbO3 and to connect this in uence to
the properties of the synthesized  lms. We report the ef-
fects of using Ar and O2 atmospheres at 1 torr on the
spatial evolution of N e and Te. These effects will be com-
pared to the properties of the plasma produced in vacu-
um. The T e is determined by quantifying the relative
emission line intensities of successive ionization stages
of Nb atoms while Stark-broadened pro les of neutral Li
atoms are used for quantifying N e.12–14 The in uence of
the fundamental properties of the plasma on the quality
of the synthesized LiNbO3  lms is  nally discussed.
EXPERIMENTAL
The plasma was generated by ablation of a LiNbO3
single crystal using an ArF excimer laser beam (l 5 193
nm) with a full width at half-maximum (FWHM) pulse
duration ù20 ns and a repetition rate of 10 Hz. The target
was mounted in a rotating holder and placed in a chamber
evacuated to a residual pressure of 6.0 3 1027 mbar.
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FIG. 1. Time-integrated Ne as a function of the distance to the target
in vacuum (m), and in Ar ( m ) and O2 (v) atmospheres at a pressure of
1 torr. The dashed line shows a 1/d  t of the experimental data under
vacuum conditions and the solid lines are a guide for the eye. The inset
shows a typical Stark-broadened line of the Li(I) transition at 610.3 nm
measured at 7 mm from the target. The FWHM of this line is used to
determine the spatial evolution of the electron density.
Afterwards, a gas environment (either Ar or O2) was in-
troduced into the chamber until the pressure was equili-
brated to 1 torr. The angle of incidence of the laser beam
was 458, and the laser energy density at the target surface
was  xed at 1.2 J cm22 (irradiance ;0.06 GW cm22), this
energy being the one typically used to grow stoichio-
metric LiNbO3  lms.11 The plasma formed during the la-
ser ablation process was 32 imaged onto the 30-mm en-
trance slit of a 0.75-m monochromator. To align and cal-
ibrate the monochromator, a He–Ne laser beam and the
light from a Li hollow cathode lamp were both set par-
allel to the target surface following the same path as the
light emitted by the plasma. The former allowed us to
align the spectrometer perpendicular to the beams, and
the latter provided the spectrometer resolution by mea-
suring the linewidth of the 670.8-nm Li(I) line, which
was 0.05 nm. The plasma image was scanned along the
normal to the target with a spatial resolution of 0.18 mm,
as reported elsewhere.15 The light was  nally collected
by a photomultiplier (15-ns rise time) connected to a box-
car averager/gated integrator. The gate width of the box-
car was set wide enough (variable between 1 and 15 ms
depending on the speci c emission transient duration) in
order to collect a time-integrated signal, as described
elsewhere.6 All experimental data was the result of an
average of 10 pulses in order to minimize the small  uc-
tuations of the plasma intensity caused by the  uctuation
of the pulse energy output of the laser, which was about
3%. The results presented here start at a distance of 2
mm from the target to be sure that the contribution from
the continuum can be neglected.16 Moreover, taking the
spectrometer resolution from Eq. 1 below, we see that Ne
must be greater than approximately 1 3 1016 cm23 (which
is the value of the electron density that corresponds to
the instrumental linewidth) before the Stark-broadened li-
newidth will exceed that of the instrument. This means
that the measurements performed at low electron density
(,2.5 3 1016 cm23) should be taken qualitatively because
they are distorted by the instrumental broadening of the
spectrometer.
RESULTS
Estimation of Ne using Stark broadening of spectral line
pro les of an isolated atom or singly charged ion is a
well-established and reliable technique12–14 used in many
contexts, including laser plasma studies.17–19 In general,
both Doppler and Stark broadening can contribute to
spectral line broadening. However, the effect due to
Doppler broadening (;0.12AÊ at FWHM) can be neglect-
ed when compared to the Stark broadening resulting from
collisions with the charged particles that dominate for
plasma densities above 1014 cm23.14 Stark broadening of
well-isolated lines from neutral atoms is predominantly
caused by electron impact, the FWHM of the Stark-
broadened lines, Dl1/2, being related to Ne (in cm23) by:14
N e ÊDl 5 2W A (1)1 / 2 16[ ]10
where W is an electron impact parameter that is a weak
function of the temperature and changes by a factor of
less than 2 over the temperature range 10 000–80 000 K.
In the case of the Li(I) transition considered in this work,
for the 610.3-nm doublet (3d 2D3/2,5/2 ® 2p2P1/2,3/2), we
have used W 5 0.216AÊ (for T e 5 10 000 K) to determine
Ne.13,14 An alternative procedure to determine Ne would
be to measure the Stark shift (Dlshift) associated with the
610.3 nm line of Li(I). In order to do this, we would have
had to use an expression similar to Eq. 1 above, but sub-
stituting 2W for the coef cient D . However, the depen-
dence of D on Te is stronger than that of W and it can
not be neglected. In addition, the available theoretical
values of D are somewhat inferior (less accurate than
W ).14 Because of these reasons, the use of line shifts as
a diagnostic method to determine Ne is not recommend-
ed 14 (very accurate T e measurements are needed to have
the precise D dependence on Te).
Figure 1 shows Ne calculated through Eq. 1 in vacuum,
and in Ar and O2 ambient atmospheres as a function of
the distance to the target surface. The inset in Fig. 1
shows a typical broadened line of the Li(I) transition at
610.3 nm as recorded in our experiment. The N e values
in vacuum are found to decrease rapidly with distance.6
They are reasonably well  tted by a 1/d function (see
Fig. 1), in agreement with the predictions of the plume
expansion models proposed for free expansion (valid
only under vacuum conditions).20 This Ne space depen-
dence is very similar to that reported earlier for plasmas
produced in laser ablation of graphite4 and YBa2Cu3O75
for similar space intervals, though much higher power
density levels were used in those works. The introduction
of an ambient atmosphere in the processing chamber usu-
ally leads to enhancement of the plasma emission. This
enhancement depends on the type of gas as well as on
the gas pressure. We see in Fig. 1 that N e in O2 is always
higher than that found both in vacuum and in an Ar at-
mosphere. It is also seen that it presents a maximum at
around 5 mm from the target to reach values that are
close to those obtained in vacuum and Ar for d ù 12.5
mm. In contrast, the Ne found in Ar atmosphere is nearly
constant in the range of distances studied.
The determination of T e can be performed by measur-
ing the ratio of two line intensities belonging to the same
atomic or ionic species. However, two lines of the same
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FIG. 2. Time-integrated Te as a function of the distance to the target
in vacuum (m), and in Ar ( m ) and O2 (v) atmospheres at a pressure of
1 torr. The solid lines are a guide for the eye.
species (with the same ionization stages) are nearer in
energy than if they belong to different ionization stages,
and thus line ratios within a given atom or ion normally
do not provide very precise temperature measurements.13
Therefore, accurate determination of Te is done by using
the ratio of two line intensities from successive ionization
stages of the same element. Assuming local thermody-
namic equilibrium (LTE), the ratio of such line intensities
is given by12,13
3 /23I f g l kT1 1 1 2 e3 /2 3 215 (4p a N )0 e31 2 1 2I f g l E2 2 2 1 H
2E 1 E 2 E 1 DE1 2 ` `3 exp (2)1 2kTe
where I1 represents the line of the atom with the higher
ionization degree, f 1 and f 2 are the absorption oscillator
strengths, g1 and g2 are the statistical weights (or degen-
eracies of the states), a0 is the Bohr radius, EH is the
ionization energy of the hydrogen atom, E1 and E2 are
the excitation energies, and DE` is the correction to the
ionization energy E` of the lower ionization stage due to
plasma interactions. For high density plasmas (such as
those encountered here), the correction factor in the ion-
ization energy is given by
1 / 3
2 6e 4p10 N eDE (eV) 5 3zb (3)` [ ]4pe 30
where z 5 2 for the lowest ionization state, e is the elec-
tron charge (in C), e0 (in F m21) is the permittivity of the
free space, Ne is in cm23, and b 5 6.2414 3 1018 is the
energy conversion factor from Joules to eV. In order to
determine Te, the Nb(II) 478.9-nm and Nb(I) 407.97-nm
lines were measured following the same procedure as in
the case of the Li(I) line. The spectroscopic constants for
the two Nb lines were taken from Ref. 21, and we have
assumed a partially optically thin plasma as a  rst ap-
proximation, that is, the plasma is optically thin only for
some spectral lines.
Figure 2 shows the dependence of Te on the distance
to the target surface in vacuum, Ar, and O2 atmospheres
(both at 1 torr). We found that, as opposed to what has
been reported for plasmas produced by laser ablation of
metals,2,3 graphite,4 and YBa2Cu3O7,5 Te is almost con-
stant (within experimental error) when increasing the dis-
tance to the target. This result is even more interesting
because it looks independent of whether it is in vacuum
or in a gas environment (either reactive (O2) or inert
(Ar)). The Te values in vacuum are systematically above
the ones obtained in gas, although always within the error
band.
In order to derive Te, we have assumed the validity of
LTE. This assumption is likely to be valid provided that
electron-heavy particle (atom, ion, or molecule) collisions
are very fast and dominate the radiative processes. This
means that the collisional rates controlling the excitation/
ionization and deexcitation/recombination of the particles
in the plasma must exceed the corresponding radiative
rates. However, if the escape of radiation was suf ciently
high, it could seriously affect the collisional equilibrium
implicit in the LTE assumption. A necessary (though not
suf cient) condition for having LTE is that Ne (cm23) $
1.4 3 1014 3 T 3 (DE )3.14 In our case, for the transition1/2e
at 407.97 nm of Nb(I) with DE 5 3.03 eV and T e 5 0.74
eV, we determined that LTE might start to hold both in
O2 and Ar for Ne $ 3.35 3 1015 cm23, as happens in our
case (see Fig. 1). Moreover, in a transient plasma like
ours, LTE is assumed to exist if the time between colli-
sions of the species is small (here, for instance, the time
between electron–ion collisions is tei ; 2 ps) compared
with the time scale of any signi cant change in the plas-
ma.22
DISCUSSION
The study of the interactions in a laser-generated plas-
ma expanding into an atmosphere is a much more com-
plex gas dynamic and kinetic problem than that of the
plasma expansion into vacuum. The expansion of a plas-
ma into a gas environment generally involves the for-
mation of shock waves23 that interact with the gas ahead,
in uencing, in a still not well understood way, the prop-
erties of the  lms that are being grown. The Ne measured
for the plasma expanding into vacuum and into an am-
bient gas exhibit quite distinct trends, indicating the dif-
ferent ionization and recombination mechanisms com-
peting during the expansion processes into vacuum, Ar,
and O2 atmospheres. Assuming that the energy distribu-
tion of the free electrons in the plasma follow a Max-
wellian distribution function, we can estimate the elec-
tron–atom ionization rate coef cients for the different
species (Li, Nb, O, O2, and, if an argon environment is
used, Ar) most probably present in the expanding plasma
plume. Such calculations have been performed for Li by
taking into account the generalized expression proposed
by Drawin 24 for analytic evaluation of electron impact
ionization rate coef cients,
2IH210 1 /2 3 21S 5 1.46 3 10 z T (K )u C (u , x ) cm s1c 1 e 1 1 1 11 2II
(4)
where z1 5 1 denotes the number of equivalent electrons
in the ground state, I1 5 5.4 eV and IH 5 13.56 eV are,
respectively, the ionization energy of the ground level of
atomic lithium and of the hydrogen atom, u1 5 I1 /kTe,
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FIG. 3. Ionization rate coef cient of Li atoms as a function of the
distance to the target for two gas environments, Ar ( m ) and O2 (v) at
1 torr. The solid lines are a guide for the eye.
FIG. 4. Three-body recombination rate coef cient of Li1 as a function
of the distance to the target for two gas environments, Ar ( m ) and O2
(v) at 1 torr. The solid lines are a guide for the eye.
and xi 5 1 1 (Z eff 2 1)/(Zeff 1 2) so that x1 5 1 (Zeff 5
1), where Z and Z eff 5 Z 2 N 1 1 are the atomic number
and the effective atomic number (with N being the num-
ber of bound electrons in lithium). The function C1 also
admits an approximate analytic expression,24
C (u , x 5 1)1 1 1
2u1e 1 1
ù 3 1 ln 1.25 1 1 (5)5 61 2[ ] [ ]1 1 u 20 1 u u1 1 1
Taking into account the principle of detailed balance
(a consequence of assuming LTE), we can derive the
three-body electron–ion recombination rate coef cient
as25
3 /21 I1222 6 21b 5 3.32 3 10 exp 3 S cm s (6)c1 1c1 2 1 2kT kTe e
We have assumed that the plasma is partially optically
thin and this assumption has allowed us to derive Eq. 6
because the collisional processes prevail over the escape
of radiation so that LTE remains valid. However, it is
important to point out that if the escape of radiation from
the plasma is high enough, a possible ionizational non-
equilibrium can exist in the plasma, that is, the degree of
ionization of the plasma might be out of its equilibrium
value (S1c /bc1). Such deviation will depend on the balance
between nonelastic electron–atom/molecule and electron–
ion collisions and radiative processes. Therefore, the use
of the principle of detailed balance would lead to some
inaccuracies in the evaluation of the real rate of the three-
body electron–ion recombinations.
Figures 3 and 4 show respectively the spatial evolution
of the ionization and three-body recombination rate co-
ef cients of Li and Li1 in a reactive (O2) and in an inert
(Ar) atmosphere at 1 torr. The fact that up to d 5 11 mm,
S1c (O 2) . S1c(Ar) together with bc1(Ar) . bc1(O 2) is con-
sistent with N e(O2) being higher than Ne(Ar).
Earlier experimental results indicate that the emission
intensity from lines with low excitation energy increases
signi cantly for gas pressures above 5 3 1022 mbar and
distances from the target greater than 2 mm.26 This in-
crease of emission should be associated with species that
have been excited during plasma expansion into the gas
atmosphere by two principal mechanisms: atom–atom
collisional excitation/ionization and electron-impact ex-
citation/ionization and recombination.27–30 However, since
the cross section of the former is about two orders of
magnitude smaller than that of the latter,29,30 electron-im-
pact processes control the excitation of the species as the
plume expands, the electrons being produced by ioniza-
tion of the ejected and external species. Since the ioni-
zation energy thresholds of O2 and O are, respectively,
12.5 eV and 13.6 eV, both lower than the ionization en-
ergy threshold of Ar (;15.7 eV),31 a higher Ne is expected
in O2 than in Ar (see Fig. 1), and consequently, a higher
emission intensity should also be expected in an O2 en-
vironment. However, the available experimental results
regarding emission of Li(I) (670.9 nm) and Nb(I) (408.0
nm) show instead a greater emission intensity in the case
of an Ar atmosphere.26 Therefore, there has to be another
process that promotes the excitation of the ejected species
in Ar gas. It is known that the presence of a foreign gas
produces a plasma con nement27,29 and consequently, an
increase in the density of the ejected species in the plume;
the higher the mass of the foreign gas the stronger the
con nement and therefore, the higher the density of the
ejected species and the higher the probability of excita-
tion. Because Ar is heavier than O2, the con nement
should be stronger in Ar, thus leading to a more intense
optical emission, as recorded experimentally.
Another remarkable feature shown in Fig. 1 is the fact
that Ne(O2) is greater than N e(Ar) and therefore, since
macroscopic electric neutrality is assumed in the plasma,
the total number of positive ions in the plasma formed in
an Ar environment is less than the one generated in O2.
It is well known that ion bombardment during  lm
growth promotes the densi cation of the  lms but can
also induce damage and thus deteriorate the epitaxial
growth.32 The fewer number of positive ions found here
when using an Ar atmosphere is thus consistent with the
better crystallinity of the LiNbO3  lms grown in Ar than
that of the  lms grown under the same conditions but in
O2.
The most striking result when comparing the present
study to those reported earlier relates to T e, as it remains
nearly constant with the distance within the studied in-
tervals (see Fig. 2). This weak space dependence of Te
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has been reported for long distances in experiments per-
formed in vacuum and has been related to the fact that
the cooling due to the expansion becomes in part com-
pensated for by the energy released by the recombina-
tions.4,5 However, in plasma expansions into gas, the Te
constancy might most likely have to do with two possible
reasons: (1) the irradiance levels needed to ablate LiNbO3
targets are so weak (0.06 GW cm22) that the low energy
gained by the electrons hardly allows further dissipation
(this reason could also be valid for the vacuum case);
and/or (2) since the species in the plasma have slightly
different velocities, which makes them separate from
each other as the distance increases, the electron–atom,
and especially the atom–atom collision, probability de-
creases so that collision-induced cooling does not occur
and thus the temperature remains almost constant.
Regarding reason (1), the electrons become thermal-
ized very fast and they have such low mean energies that
they are hardly pressure-dependent at such low power
densities as opposed to what is a typical behavior in par-
tially ionized gases with higher electron mean energies.
Concerning reason (2), since LTE is assumed, the tem-
perature of ions and neutrals should be similar to that of
the electrons. This is consistent with the assumed atom–
atom collisionless plasma expansion into vacuum for dis-
tances longer than 2 mm. When a plasma expands into
an ambient gas, elastic and nonelastic atom–atom colli-
sions are expected (especially at the leading edge of the
plasma). However, atom–atom collisions are much less
probable in the central part of the expanding plasma
plume because, according to a recently proposed hypoth-
esis,11 at high enough pressures (of about 1 torr) the shock
wave front pushes ahead the gas environment creating an
inner region of the expanding plasma that is at lower
pressure than the surrounding gas, thus providing the
conditions for fewer atom–atom collisions.
In spite of the above reasons explaining the space con-
stancy of T e, there is not de nitive experimental evidence
to clearly conclude from the results presented here wheth-
er only one or both of them are correct and/or comple-
mentary. Therefore, whether the observed space Te con-
stancy is a general conclusion for plasmas generated by
ablation of insulators in which defects play an essential
role in the ablation process or whether it is related to the
special kinetics of the LiNbO3 plasma is not yet clear and
needs further investigation, which is now underway.
CONCLUSION
The different space dependence of Ne in vacuum, Ar,
and O2 atmospheres is associated with the distinct ioni-
zation potentials of the considered gases and to the spatial
evolution of the corresponding electron–atom ionization
and electron–ion three-body recombination rate coef -
cients. The fact that Ne(O 2) is higher than Ne(Ar) reveals
the existence of more positive ions in the plasma gener-
ated in an O2 environment than in that formed in an inert
(Ar) gas, and this result is consistent with the better crys-
tallinity of the  lms grown in Ar than those grown in O2
reported earlier. In addition, it was found that in com-
parison with Ne, T e shows in all cases (either vacuum or
different gas atmospheres) a very similar trend, that is,
small values and very little dependence on the distance.
Both features are most likely related to the atom–atom
collisionless expansion of the laser-generated plasma
from LiNbO3 ablation and/or to the low laser power den-
sity used (0.06 GW cm22) to ablate LiNbO3.
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